Implication of the Bacterial Endosymbiont Rickettsia spp. in Interactions of the Whitefly Bemisia tabaci with Tomato Yellow Leaf Curl Virus
T omato yellow leaf curl virus (TYLCV) is a monopartite singlestranded DNA (ssDNA) plant-infecting begomovirus in the family Geminiviridae. The whitefly vector, Bemisia tabaci, transmits TYLCV in a persistent, circulative manner. Circulative viruses movement throughout the body of the insect and interact with insect gut, salivary, and hemolymph tissues. The viral genome is packaged in a nonenveloped capsid, and the capsid is the sole vehicle for genome movement within the insect vector. Some data show that TYLCV possesses some level of vector pathogenicity (1), even though the majority of begomoviruses do not replicate in the vector and are not passed to offspring. TYLCV has been shown to be the exception to the latter rule (2) and has recently been shown to manipulate vector feeding behavior (3) , which makes it a useful virus for investigating the complex interactions between the virus and the insect vector.
Circulative transmission of begomoviruses involves virion ingestion and internalization by the vector. Virions must be transported across gut cellular membranes, occupy a temporary residence in the hemolymph, and then enter the salivary system (4) (5) (6) . Begomovirus transmission requires a minimal access period (AAP) of 1 to 3 h on the infected plant, a minimal latent period of 6 to 12 h during which the virus is not initially transmissible but becomes so once "acquired" (e.g., following salivary gland entry), and a minimal 30-to 60-min inoculation access period (IAP) on the host plant. Once acquired, virions are transmissible for the life of the whitefly (4, 7). The current model for the transmission pathway is based on the aphid-transmitted polero-and luteoviruses (luteovirids), in vivo transmission parameters, anatomical studies, and transmission electron microscopy localization (4) (5) (6) (8) (9) (10) . In aphids and whiteflies, the gut membrane is thought to regulate transmission competency (8, 11) , whereas the salivary tissues regulate the specificity of vector-virus interactions. In this model, virions are transported into the cytoplasm in vesicles that fuse with the basal plasma membrane, releasing particles between the membrane and the basal lamina (5, 6, 10, 12) . The organ of specificity for luteovirids is the accessory salivary gland (13) ; however, labeled TYLCV and Squash leaf curl virus have been observed only in the primary salivary glands of B. tabaci (14) .
Circulative plant virus transmission is a very specific and regulated process controlled by both insect and virus proteins (15) (16) (17) (18) , with the crucial participation of a third player-bacterial endosymbionts. Evidence points to the direct involvement of whitefly bacterial endosymbiont proteins in begomovirus-whitefly circulative transmission (4, 7) . Like other phloem feeders, B. tabaci harbors a diverse array of endosymbionts, including the primary endosymbiont Portiera aleyrodidarum (19) , and several other facultative secondary symbionts, including Rickettsia, Hamiltonella, Wolbachia, Arsenophonus, Cardinium, and Fritschea (19, 20) . Nearly all secondary symbionts in B. tabaci colocalize with the primary endosymbiont inside the bacteriocytes, a specialized organ for housing bacterial endosymbionts, ensuring their vertical transmission. Several in vitro and in vivo assays have shown that a chaperone GroEL protein produced by Hamiltonella in B. tabaci B biotype interacts with the TYLCV coat protein (CP), while other GroELs produced by other secondary endosymbionts in both B and Q biotypes do not interact with the CP. The release of virions protected by GroEL occurs adjacent to the primary salivary glands (21) . Only Rickettsia localizes outside the bacteriocytes, appears in most of the body cavity, and infects the majority of the internal organs, excluding the bacteriocytes (22, 23) . Rickettsia infects B. tabaci's digestive, salivary, and reproductive organs and cells and reaches exceptionally high concentrations within the host (22) . These recent findings raised the possibility that the unique localization patterns and infection of pivotal organs in the insect host may significantly influence the insect's biology. Indeed, one study has shown that Rickettsia-infected B. tabaci females, compared to noninfected insects with the same genetic background, exhibit increased fecundity, a greater rate of survival, and host reproduction manipulation via the production of a higher proportion of daughters (24) , attributes that may also significantly impact virus transmission.
In the present study, we investigated the impact of Rickettsia spp. on B. tabaci-TYCLV interactions. The availability of sibling Rickettsia-infected and noninfected populations enabled us to appraise interactions between TYLCV, Rickettsia, and B. tabaci. We measured the effects of these putative tritrophic interactions on virus acquisition, retention, and transmission, as well as effects on TYLCV and Rickettsia distribution within the insect. By comparing these interactions using a virus host and a nonhost plant over time, we tested the dynamics of the triple interaction and explored how the virus and/or infected plant can affect the vector and thereby significantly impact virus plant-to-plant spread and, hence, disease epidemiology.
MATERIALS AND METHODS
Insects and plant growth conditions. Rickettsia-free (Rick Ϫ ) and Rickettsia-infected (Rick ϩ ) B-biotype B. tabaci populations were reared on cotton seedlings (Gossypium hirsutum L. cv. Acala) maintained inside insectproof cages and growth rooms under standard conditions of 25°C Ϯ 2°C, 60% relative humidity, and a 14-h light/10-h dark photoperiod. Viruliferous Rick Ϫ and Rick ϩ B biotype B. tabaci populations were reared on tomato seedlings, maintained inside insect-proof cages in growth rooms as previously described (25) . A healthy tomato seedling 4 to 5 weeks of age was added once a month, while older plants were removed from the cage at different times.
Whitefly biotype identification. Identification of the B biotype was based on microsatellite markers (25) . The two strains of B. tabaci biotype B used in the present study were established by selection of isofemale strains as previously described (25) . The original B biotype population used to establish the isofemale strains was collected from the Ayalon Valley in Israel (31°52=3ЉN, 34°57=34ЉE) in 1987 and cultured under laboratory conditions. This population tested positive for Portiera and Hamiltonella. The Rickettsia-positive and -negative strains used in the present study are referred to as Rick ϩ and Rick Ϫ strains, respectively. Whitefly DNA extraction and PCR amplification. Two methods of DNA isolation were used to confirm the presence of Rickettsia or TYLCV: one for single insects and one for pools of insects. To isolate DNA from single insects for PCR, 20 adult B. tabaci were individually homogenized in lysis buffer as previously described (22, 25) . The lysate was then incubated at 65°C for 15 min, followed by incubation at 95°C for 10 min. DNA extraction from pools of whiteflies was done using an extraction buffer containing 10 mM Tris-HCl, 1.4 M NaCl, 2 mM EDTA, 2% CTAB (cetyltrimethylammonium bromide), and 0.2% ␤-mercaptoethanol. A total of 45 to 50 whiteflies were collected per sample, homogenized in the extraction buffer, and incubated at 37°C for 45 min. Samples were centrifuged for 55 min at 16,300 ϫ g, and an equal volume of phenol-chloroformisoamyl alcohol (25:24:1) was added. Samples were centrifuged again for 5 min at 16,300 ϫ g, and the upper phase was transferred to a new tube. One volume of chloroform was added, followed by another centrifugation. The upper phase was collected, and nucleic acids were precipitated using 0.2 volumes of 5 M sodium chloride (NaCl) and 1 volume of isopropanol at 4°C overnight. After 12 h, the DNA was pelleted using centrifugation, and the impurities were removed from the pellets using 70% ethanol. DNA for PCR was dissolved in 40 l of double-distilled H 2 O (ddH 2 O). DNA for real-time qPCR was dissolved in 30 l of buffer that included 70 mM HEPES (pH 8.4) and 8 mM NaOH (pH 9).
The samples were tested for the presence of Rickettsia by PCR using two Rickettsia-specific primers for amplification of the 16S rRNA gene fragment: Rb-F (5=-GCTCAGAACGAACGCTATC-3=) and Rb-R (5=-GA AGGAAAGCATCTCTGC-3=) (25) . PCRs (20 l) were carried out using 2 l of template DNA lysate, 20 pmol of each primer, 10 mM deoxynucleoside triphosphates, 1ϫ DreamTaq buffer, and 1 U of DreamTaq DNA polymerase (Fermentas). PCR-amplified products were visualized on a 1% agarose gel containing ethidium bromide. qPCR analysis. To verify the exact concentrations of TYLCV and Rickettsia within the whiteflies, a quantitative PCR (qPCR) approach was used. The primer pair used for the amplification of TYLCV was previously described (4) . The Rickettsia gene gltA was used for quantification with the following primers: forward, 5=-ATGACTAATGGCAATAATAA-3=; and reverse, 5=-CATAACCAGTGTAAAGCTG-3=. Actin forward primer 5=-T CTTCCAGCCATCCTTCTTG-3=, reverse primer 5=-CGGTGATTTCCT TCTGCATT-3=, and an expected product size of 81 bp were used with each sample as a normalization gene for verifying equal concentrations of whitefly genomic DNA. Amplifications were performed using 1ϫ Absolute Blue qPCR SYBR green ROX Mix (Thermo Scientific) and 5 pmol of each primer. To ensure the reproducibility of the measurements and data, the expression of each gene was tested in triplicate in each of three biologically independent experiments. A biological replicate consisted of a pool of 45 to 50 whiteflies. The cycling conditions were as follows: 15 min of activation at 95°C, followed by 40 cycles of 15 s at 95°C, 30 s at 58°C, and 30 s at 72°C. A melting ramp from 72 to 95°C was used, with a 1°C rise at each step and a 5-s wait between steps. The channel source was 470 nm, and the detector was set at 510 nm. A Rotor-Gene 6000 machine (Corbett Robotics Pty, Ltd., Brisbane, Australia) and the accompanying software were used for qPCR data normalization and quantification.
Plant DNA extraction and PCR amplification. To confirm TYLCV infection, young leaves were collected from plants homogenized in buffer (100 mM Tris [pH 8], 50 mM EDTA [pH 8.5], 500 mM NaCl, 10 mM ␤-mercaptoethanol). A 40-l portion of 20% sodium dodecyl sulfate (SDS) was added, and the mixture was then incubated at 65°C for 10 min.
After incubation, 200 l of 5 M potassium acetate was added, and the solution was placed in 4°C for at least 20 min. Samples were centrifuged at room temperature at 20,000 ϫ g for 20 min. A total of 600 l of the supernatant was removed, and another 480 l of isopropanol was added. The solution was placed in Ϫ20°C for 30 min to precipitate the DNA. After 30 min, the samples were centrifuged for 15 min in room temperature at 15,600 ϫ g. The supernatant was removed, and the tubes were washed with 98% ethanol. DNA was dissolved in 40 l of ddH 2 O.
The samples were tested for the presence of TYLCV by PCR using the following TYLCV-specific primers to amplify the coat protein gene fragment: C473 (5=-AGTCACGGGCCCTTACA-3=) and V61 (5=-ATACTTG GACACCTAATGGC-3=) (4). The reaction was carried out in a volume of 50 l containing 300 g of template DNA, 20 pmol of each primer, 10 mM deoxynucleoside triphosphates, 1ϫ DreamTaq buffer, and 1 U of DreamTaq DNA polymerase (Fermentas). PCR-amplified products were visualized following electrophoresis in a 1% agarose gel containing ethidium bromide.
TYLCV transmission experiments. To calculate the TYLCV transmission efficiencies of the whitefly populations, Rick Ϫ and Rick ϩ B biotype B. tabaci whiteflies were provided a 48-h AAP on a TYLCV-infected tomato plant. Whiteflies were provided with a 7-day IAP on 4-week-old, healthy tomato plants. After an additional 2 weeks, young leaves were collected from the plants for DNA extraction and PCR for verification of the TYLCV infection. A total of 60 plants were tested for each strain.
FISH. Fluorescence in situ hybridization (FISH) was performed as previously described (20) . Briefly, specimens were fixed overnight in Carnoy's fixative (chloroform-ethanol-glacial acetic acid, 6:3:1 [vol/vol/vol]), decolorized in 6% H 2 O 2 in ethanol for 2 h, washed in 100% ethanol, and hybridized overnight in hybridization buffer (20 mM Tris-HCl [pH 8.0], 0.9 M NaCl, 0.01% SDS, 30% formamide) containing 10 pmol of fluorescent probes per ml. Dissected midguts were fixed for 5 min in Carnoy's fixative and hybridized overnight. For specific targeting of Portiera and Rickettsia, the probes BTP1-Cy3 (5=-Cy3-TGTCAGTGTCAGCCCAGAA G-3=) and Rb1-Cy5 (5=-Cy5-TCCACGTCGCCGTCTTGC-3=), respectively, were used. For specific targeting of TYLCV, the probe Cy5-5=-GG AACATCAGGGCTTCGATA-3=, which is complementary to a sequence in TYLCV coat protein gene, was used. Nuclear DNA was stained with DAPI (4=,6=-diamidino-2-phenylindole) at 0.1 mg ml Ϫ1 . The stained samples were mounted whole in hybridization buffer and viewed under an IX81 Olympus FluoView500 confocal microscope. Optical sections (0.7 to 1.0 m thick) were prepared from each specimen. The specificity of detection was confirmed by using no-probe and Rickettsia-free whitefly controls.
Statistical analyses. Student's t test was performed to compare the results from experiments using two treatments. In experiments with more than two treatments, a one-way analysis of variance, followed by a TukeyKramer honest significant difference (HSD) test, was performed. For all statistical analyses, JMP4 (SAS Institute, Inc.) was used. In all of the figures, different letters between treatments indicate significant differences between treatments (P Ͻ 0.05).
RESULTS AND DISCUSSION
Rickettsia-infected and noninfected B biotype isofemale strains differ in their TYLCV transmission efficacy. Two isofemale strains, one Rickettsia infected (Rick ϩ ) and the other Rickettsia noninfected (Rick Ϫ ), were established from an inbred B biotype strain (ϳ300 generations) as previously described (25) and were reared under laboratory conditions. Each individual from the infected strain contained Rickettsia, whereas none originating from the Rickettsia-free strain were infected. Both strains harbored Portiera, the primary endosymbiont, and the secondary endosymbiont, Hamiltonella (data not shown). To investigate whether the Rick ϩ and Rick Ϫ strains show differences in TYLCV transmission efficiency, three different independent transmission experiments of TYLCV to healthy tomato were conducted, using a single whitefly per plant. All insects were given a 48-h AAP on TYLCV-infected plants. Although the transmission experiments conducted with the Rick Ϫ strain resulted in 41% of the plantlets being infected with TYLCV, 79% of the plantlets were infected by the Rick ϩ strain (Fig. 1) . These results suggest that the presence of Rickettsia, the only symbiont that differs between the two tested populations with the same genetic background, influences TYLCV transmission.
Previous studies have compared the transmission capabilities of B. tabaci populations; however, these have focused on differences between different biotypes, primarily the B and Q biotypes. The B and Q biotypes from Spain were shown to transmit TYLCV, and the Q biotype was found to be slightly more efficient than the B biotype (26) . Experiments with different B biotype populations from Israel have shown high levels of TYLCV transmission with variations in the transmission ability of individual populations. Gottlieb et al. demonstrated the involvement of Hamiltonella, an additional secondary endosymbiont harbored only in the B biotype in Israel, in the transmission of TYLCV (21) . Interestingly, contrary to the Q biotype from Israel, which does not harbor Hamiltonella, the Spanish Q population was found to harbor Hamiltonella. This later study showed that a GroEL protein produced by Hamiltonella is an important factor in facilitating TYLCV transmission (21) . These populations were all infected with Rickettsia. The influence of Rickettsia in TYLCV transmission was not tested because the critical biological tools, e.g., isofemale lines that differentially harbor Rickettsia, were not available for these populations. Biotype B whitefly populations that harbor Rickettsia transmit TYLCV with a significantly higher efficiency (Fig. 1) , and this supports the hypothesis that the presence of this secondary endosymbiont within the whitefly significantly influences the transmission of the virus.
Rickettsia-infected B. tabaci B biotype individuals acquire more TYLCV than noninfected individuals. One hypothesis to explain the increase in the transmission efficiency in the Rick strain is that this strain acquires more TYLCV than does a Rick Ϫ strain. For the aphid-borne viruses in the family Luteoviridae, differences in virus acquisition among aphid biotypes and genotypes impact the transmission efficiency of the tested virus strain (27) (28) (29) (30) . To test this hypothesis, the amounts of TYLCV were measured, using a qPCR approach, in Rick ϩ and Rick Ϫ strains that were continuously reared on TYLCV-infected tomato plants. The results showed ϳ6-fold significantly more TYLCV DNA in the Rick ϩ strain than in the Rick Ϫ strain (Fig. 2A) . To further investigate whether the increased accumulation of TYLCV in Rick ϩ whiteflies occurred during the time frame of acquisition for circulative viruses, age-synchronized 4-day-old adult whiteflies from both strains were used in a TYLCV acquisition experiment for 48 h, after which the TYLCV amounts were quantified using the same qPCR approach. Approximately 8-fold more TYLCV was detected in the Rick ϩ strain, suggesting that the Rick ϩ strain acquires more TYLCV (Fig. 2B) . If the presence of Rickettsia alters the ability of whiteflies to acquire TYLCV, these data show that changes in the insect are expressed within the time needed for efficient acquisition and transmission of circulative viruses and/or are sustained in the whitefly populations continuously exposed to infected plants.
Difference in TYLCV dynamics in Rickettsia-infected and noninfected strains. The results presented in Fig. 1 and 2 show that the Rick ϩ strain transmits TYLCV more efficiently than the Rick Ϫ strain and that the Rick ϩ strain acquired more virus than did Rick Ϫ insects. Together, these data may indicate that increased TYLCV acquisition in the Rick ϩ populations may be responsible for the higher transmission efficiency. However, an alternative hypothesis could be that the virus is retained longer in the Rick ϩ strain. An enhanced retention ability in the whitefly vector may result in higher titers of viable virus particles available for transmission. To test this hypothesis, synchronized adult whiteflies aged up to 4 days from both the Rick ϩ and the Rick Ϫ strains were provided with a 48-h AAP on TYLCV-infected tomato plants and then transferred to cotton, a host for B. tabaci and a nonhost for TYLCV, for various time periods. Transferring insects to a nonhost plant for the virus would enable us to measure viral DNA acquired during the AAP. Since TYLCV is thought to be nonpropagative, enhanced virus retention can be measured after transfer of whiteflies to a nonhost plant of the virus. Insects were divided into three cohorts: one collected off the plants (referred to as 48 h on TYLCV-infected tomato plants), the second transferred to cotton and collected after an additional 48 h on cotton (referred to as 48 h on TYLCV and 48 h on cotton), and the third transferred to cotton and collected after 5 days on cotton (referred to as 48 h on TYLCV and 5 days on cotton). Each cohort from the two strains was used to quantify TYLCV using qPCR. The Rick ϩ strain contained on average ϳ8-fold significantly more TYLCV than the Rick Ϫ strain after the initial AAP. Strikingly, after 48 h on cotton, the amounts of TYLCV in the Rick Ϫ strain increased by ϳ6-fold relative to the level immediately after the 48-h AAP on TYLCV-infected tomato (Fig. 3) . In contrast, the virus amounts gradually decreased over time in the Rick ϩ strain. After 5 days on cotton, the virus levels in both strains were at the lower limit of detection (Fig. 3) .
Collectively, the results shown in Fig. 1 to 3 suggest significant relationships between the presence of TYLCV and Rickettsia in the B. tabaci B biotype. One hypothesis to explain these results is directly related to differences in feeding behaviors between Rick ϩ and Rick Ϫ strains. The larger amounts of TYLCV in the Rick ϩ strain might be a result of differential acquisition of phloem sap, in which the virus is located. To test this hypothesis, additional experiments using an electrical penetrating graph technique, in which the general feeding behaviors can be directly measured, may confirm or rebut this hypothesis (31) . However, an alternative and non-mutually exclusive hypothesis involves more complex, direct or indirect, interactions between Rickettsia and the virus. The difference in TYLCV amounts between Rick ϩ and Rick Ϫ strains after transfer to a nonhost plant (Fig. 3 ) offers hints on virus-bacterium or tritrophic virus-bacterium-whitefly interactions. The rise in the virus levels in the Rick Ϫ strain indicates some replication of the virus in the absence of Rickettsia that is rapidly shut down, resulting in undetectable virus after 5 days on a TYLCV nonhost plant (Fig. 3) . If the replication occurs in the Ϫ whitefly strains using a qPCR approach. The quantification was performed relative to actin, a housekeeping gene that did not change over time under these conditions. Whiteflies were collected from a colony continuously reared on TYLCVinfected tomato plants (A) or reared on TYLCV-infected tomato plants for 48 h (B).
FIG 3 Quantification of TYLCV retention in Rick
ϩ and Rick Ϫ strains using qPCR. A Whitefly population was reared on TYLCV-infected tomato plants for a 48-h AAP, and the virus concentration was quantified in one-third of the whiteflies. Two-thirds of the remaining insects were used for additional quantification of the virus after an additional 48 h and 5 days on cotton plants.
Rick
Ϫ strain, the bacterium in the Rick ϩ strain might have a role in directly or indirectly suppressing replication.
Rickettsia has been shown to influence several biological characteristics of the whitefly (20, 22-25, 32, 33) . These studies suggest that this bacterium may constitutively activate the expression of stress-and immunity-related genes. The activation of such genes can be advantageous for the whitefly under stress conditions in a way that makes the insect become prepared for stress conditions, as previously shown for whitefly resistance to heat stress upon infection with Rickettsia (25) . The presence of TYLCV in the whitefly has been shown to induce negative effects in the whitefly, such as reducing its fecundity and fertility (34) and altering its general gene expression (35) . Such negative effects may induce stress-related genes that in turn suppress or alter the initial replication of TYLCV in the Rick ϩ strain. Dynamics of Rickettsia, Hamiltonella, and Portiera levels upon TYLCV acquisition and retention. Our data show that TYLCV levels and transmission by whiteflies are influenced by Rickettsia infection and that the phenotype may be partially mediated by insect proteins, such as HSP70 and other stress-related proteins, that respond to the presence of the virus at the molecular level. The high levels of the virus in the Rick ϩ strain may be due to better feeding; however, they may also be influenced by the amounts of Rickettsia or possibly other endosymbionts in the Rick ϩ strain. Bacterial load within whiteflies can change upon feeding on infected plants or upon the virus presence. Large amounts of virus may compete with Rickettsia and other bacterial endosymbionts for access to whitefly resources or introduce additional indirect effects, which may in turn influence Rickettsia levels. To test this hypothesis, FISH analysis on B. tabaci B biotype nymphs that were reread on TYLCV-infected tomato plants was performed and compared to nymphs reared on uninfected plants. Although the levels of Rickettsia were exceptionally high in nymphs reared on healthy tomato plants (Fig. 4A) , the levels of the bacterium in nymphs that were reared on TYLCV-infected tomato plants were low (Fig. 4B) . The fluorescence intensity in both treatments showed highly significant differences (Fig. 4C) . Interestingly, the levels of Hamiltonella and Portiera, the primary endosymbiont, fluctuated across the different time points after TYLCV acquisition and retention (Fig. 5) . Hamiltonella, a bacterial endosymbiont previously implicated in TYLCV transmission (17), did not change across the different time points in Rick ϩ strain; however, it gradually increased in the Rick Ϫ strain (Fig.  5A) . Expression of the Hamiltonella GroEL protein was previously implicated in TYLCV transmission via a direct physical interaction with TYLCV virions. One hypothesis is that Hamiltonella GroEL is functioning differentially in Rick ϩ and Rick Ϫ strains. The levels of Portiera slightly fluctuated across the different time points in the two strains; however, they did not significantly differ by 48 h after TYLCV acquisition (Fig. 5B) , suggesting that Portiera is likely not to play a role in the different transmission abilities of the two strains. A previous study further demonstrated that Portiera GroEL, unlike the one encoded by Hamiltonella, did not interact with TYLCV (17) .
The results presented in Fig. 3, 4 , and 5 further demonstrate the 
FIG 5
Change in the levels of Hamiltonella (A) and Portiera (B) in B. tabaci adults, as quantified by qPCR across different treatments. Adult whiteflies were reared on cotton, and the levels of Hamiltonella and Portiera were measured (cotton on the x axis). Part of the whiteflies were reared on cotton and were then transferred to tomato plants infected with TYLCV for 48 h (48 h TYLCV on the x axis). After 48 h on TYLCV-infected tomato plants, adult whiteflies were transferred to cotton for additional 48 h, and the levels of the two bacteria were then quantified (48 h TYLCV and 48 h cotton on the x axis). The levels of the two bacteria were also measured in whiteflies that were kept on TYLCV-infected tomato plants for 48 h and were then transferred to cotton for 5 days. Asterisks indicate statistically significant differences in the levels of the bacterium tested between the two strains.
influence of TYLCV or feeding on TYLCV-infected plants on the levels of Rickettsia in B. tabaci. An obvious role for other endosymbionts is not readily apparent, although the levels of Hamiltonella do increase in the Rick Ϫ strain after TYLCV acquisition. To test for further relationships between Rickettsia and TYLCV, virus levels were quantified in the same whitefly samples collected for Rickettsia quantification shown in Fig. 3 . There was a significant negative correlation between Rickettsia and TYLCV ( Fig. 6 ): virus levels are at their maximum when Rickettsia is at almost zero levels and vice versa. This result strongly suggests direct or indirect competition between the virus and the bacterium inside the whitefly.
Evidence for in vivo exclusion between Rickettsia and TYLCV. Collectively, the results support the hypothesis that significant direct or indirect, relationships between Rickettsia and TYLCV occur inside the whitefly. The fact that a negative correlation in Rickettsia and TYLCV amounts was observed (Fig. 6) supports the virus transmission experiments, which showed a higher ability of the Rick ϩ strain to transmit TYLCV (Fig. 1) . These data suggest that infection with Rickettsia results in faster clearance of the virus, minimum contact with the insect tissue, and higher transmission ability. Rickettsia influences the biology of the whitefly, including altering stress-and immunity-related genes, such as the HSP70 gene (17, 25) , whereas the virus was shown to negatively impact the whitefly biology (34, 35) . To test further this hypothesis, double FISH analysis that targeted both Rickettsia and TYLCV was performed on dissected midguts from Rick ϩ whiteflies. Generally, midguts highly infected with Rickettsia contained lower levels of TYLCV, whereas midguts infected with lower levels of the bacterium contained much higher levels of the virus (Fig. 7) . Interestingly, and upon close inspection, TYLCV in highly infected Rickettsia was located mainly in the filter chamber, the site in the midgut where significant amounts of TYLCV are absorbed into the hemolymph on the way to be transmitted (36, 37) (Fig.  7B) . In comparison, midguts infected with low levels of Rickettsia showed an even distribution of the virus (Fig. 7B) . As controls, midguts from the Rick Ϫ strain were processed using the same FISH analysis, and the results generally showed that TYLCV was evenly distributed, as seen in midgut 2 in Fig. 7 . These results may explain the transmission results in which the Rick ϩ strain showed a greater ability to transmit TYLCV. The data suggest that infection with Rickettsia modifies the distribution of the virus, preferentially translocating virus to the filter chamber. Higher virus titers and preferred localization to the filter chamber may speed absorption into the hemolymph and along the transmission route, thus leading to greater transmission of the virus to tomato plants. Consequently, the virus levels in a midgut highly infected with Rickettsia are generally lower compared to a Rickettsia-free midgut (Fig. 7B) .
Rickettsia levels are dynamic in TYLCV-infected plants. To further investigate the temporal relationship between Rickettsia and TYLCV, the levels of Rickettsia in response to the acquisition and retention of TYLCV in B. tabaci were investigated in a time course series. The levels of Rickettsia in 4-day-old adults were measured before being collected from cotton and then were measured in cohorts 4, 8, 24 , and 48 h after they had been transferred and kept on TYLCV-infected tomato plants. The levels of the bacterium doubled after 4 and 8 h on infected plants and then decreased to zero levels after 24 and 48 h (Fig. 8) . After 48 h on TYLCV, whiteflies were transferred back to cotton for 48 h, and the levels of the bacterium increased again and were comparable to those observed initially on cotton (Fig. 8) . These levels were not significantly different from the levels of the bacterium in whiteflies that were kept for 48 h on healthy tomato plants or in whiteflies that were kept on healthy tomato plants and then were transferred to cotton for an additional 48 h (Fig. 8) . These results confirm the qPCR and FISH results presented above and confirm the rapid response of Rickettsia to the presence of TYLCV.
The results suggest that the interaction between Rickettsia and TYLCV might be mediated, in part, by the infected plant. To further test whether these interactions are dynamic and whether the levels of Rickettsia respond to the change in the virus titers in the infected plant, the levels of the bacterium were measured in adult whiteflies reared on newly TYLCV-infected tomato plants, in which the virus titer gradually increased postinfection. The progress of infection was accompanied by a decrease in Rickettsia levels (Fig. 9, left panel) . In comparison, the levels of Rickettsia increased in adults that were reared continuously on TYLCV-infected plants and were then transferred to cotton upon emergence as adults for up to 14 days (Fig. 9, right panel) . In these adults, the levels of the virus decreased, although to a slightly lower extent in Rick ϩ whiteflies compared to whiteflies from the Rick Ϫ strain, as seen from the increased retention of virus at the 14-and 21-day time points (Fig. 10) .
In summary, the results presented here support the hypothesis that infection with Rickettsia spp., a facultative endosymbiont of B. tabaci, is instrumental in altering the insect interaction with TYLCV, an ssDNA virus transmitted by B. tabaci. The results specifically show that Rickettsia-infected whiteflies acquire more TYLCV, retain the virus longer, and thus exhibit nearly twice the transmission efficiency of a Rickettsia-uninfected strain, which originated from the same genetic background. The results further show that some level of antagonistic relationships exists within the whitefly between Rickettsia and TYLCV. Competition between Rickettsia and the virus is indicated by data showing that they become spatially segregated in midguts when both are present and that Rickettsia levels plummet during virus acquisition, suggesting that both the virus and the Rickettsia are competing for host molecular machinery. These results offer some insights into the involvement of an additional facultative bacterial endosymbiont in the ability of B. tabaci to serve as a vector for circulative plant viruses. The results presented here enable us to draw further parallels between vectors of plant and animal viruses. The best example is the endosymbiont Wolbachia, which is common among insects and, like Rickettsia in whiteflies, manipulates reproductive fitness and insect host physiology. Recent studies have demonstrated that through maternal inheritance and reproductive incompatibility, a Wolbachia strain introduced from Drosophila melanogaster (wMel) invaded natural populations of the mos-
FIG 8
Change in the levels of Rickettsia in Rick ϩ B. tabaci adults that were reared for 96 h on cotton (most left column). Rickettsia levels were then measured in cohorts that were transferred to TYLCV-infected tomato plants for 4, 8, 24 , and 48 h. The Rickettsia levels were also measured in additional cohorts that were reared for 48 h on healthy tomato plants and then transferred to cotton. Quantifications were performed using a qPCR approach as detailed in Materials and Methods. quito Aedes aegypti in Australia and reached near fixation within a few months (38) . This is important because Wolbachia has been shown to prime the mosquito innate immune system, thus limiting the ability of pathogens such as dengue virus, Chikungunya virus, and Plasmodium to replicate in mosquito cells (39, 40) . Limiting the replication of dengue virus in the mosquito vector was shown to be possible using host microRNAs that manipulate host gene expression (41) . Additional studies have shown that upregulation of the innate immunity system in the mosquito by Wolbachia inhibits the development of filarial nematodes (42) . A more significant effect of Wolbachia on its mosquito insect host was shown to be the significant shortening of its life span by half, possibly as a consequence of the continued activation of the immune system (43) . In this context, our results obtained with Rickettsia, which exhibits significant effects on B. tabaci and may activate responses similar to those activated in mosquitoes by Wolbachia, suggest the value of reexamining the unprecedented role of this endosymbiont and possibly other endosymbionts in shaping the biology of whiteflies in general and their role in maintaining viable interactions with circulative plant viruses. Future studies of the interplay between Rickettsia and its whitefly host may lead to the identification of genes that maintain these interactions. Targeting such genes could influence these symbiotic interactions, which may lead to significant effects on the whitefly host.
